Abstract: We propose and demonstrate a supercontinuum fiber laser source for broadband coherent anti-Stokes Raman scattering (BCARS) microspectroscopy, seeded by a Yb-doped dissipative soliton fiber laser. Smooth continuum Stokes pulses ranging from 1050 to 1312 nm at -20 dB bandwidth are generated in a highly nonlinear fiber from the compact fiber seed, and the corresponding pump pulses are obtained after a narrowband filter centered at 1036 nm. With this fiber laser source, we are able to obtain BCARS spectra in 700-1900 cm -1 spectral range simultaneously with resolution less than 10 cm -1 , and show its application in analyzing complex mixture. We also demonstrate the capability of our system in chemical imaging by simultaneously obtaining two two-dimensional CARS images of retinoic acid crystal at Raman shifts of ∼1574 and ∼1162 cm -1 , respectively.
Introduction
Coherent anti-Stokes Raman scattering (CARS) microscopy is a sensitive, chemical selective, labelfree imaging technique, which has found broad applications in chemistry, biology and medicine [1] , [2] . CARS is a kind of four-wave mixing (FWM) [3] . When the light fields of pump (ω p ) and Stokes (ω s ) interact with the sample, if the frequency difference of the pump and Stokes lasers matches the Raman-active vibrational frequency (ω v ) of a molecule (i.e. ω p − ω s = ω v ), the resonanceenhanced anti-Stokes signal (ω CA RS ) can be generated [2] , [3] . Typical laser sources for CARS microscopy are generally expensive and complex, which utilize solid-state lasers to generate synchronized pulses to act as pump and Stokes beams, even though the parameters provided by these systems are suitable for the CARS process [4] - [7] . Fiber lasers that can potentially meet those features for CARS, have the advantages in good beam quality, compact structure, and low cost, which makes CARS microscopy promising for chemical analysis and practical clinic applications [8] - [15] .
Compared to spontaneous Raman microscopy, CARS microscopy is a promising and an alternative approach to obtain vibrational spectroscopic images at high acquisition speeds [16] . CARS microscopy includes narrowband CARS microscopy and broadband CARS (BCARS, or multiplex CARS) microspectroscopy. Narrowband CARS microscopy features rapid imaging acquisition by working at a fixed Raman shift, which, however, makes it difficult to analyze complex samples [17] . In contrast, BCARS microspectroscopy can identify the complete spectral band of the complex sample simultaneously for quantitative analysis [18] . So far, BCARS has been widely employed in various spectroscopic applications with moderate acquisition time [8] , [16] , [18] .
For BCARS, a broadband Stokes laser (ω s ) and a narrowband pump laser (ω p ) are required, so that multiple vibrational modes (ω v ) can be achieved simultaneously. In [19] - [21] , BCARS microspectroscopy was demonstrated by virtue of picosecond pump (probe) and wavelength-tunable femtosecond Stokes. These approaches had high spectral resolution while the spectral bandwidth was not sufficient in diagnosing complex samples. Other techniques employed supercontinuum (SC) Stokes, generated in highly nonlinear fibers, to achieve BCARS microspectroscopy [22] - [25] . SC-based BCARS microspectroscopy can cover a broadband vibrational spectrum simultaneously, which shows promise in biochemical analysis and imaging.
The SC is used as the Stokes beam, which is the key element in a SC-based BCARS system. Both solid-state lasers [22] , [23] and fiber lasers [24] have been employed to generate SC in those BCARS systems. In [24] , the seed, a stretched-pulse fiber laser, firstly decreased the repetition rate to 0.5 MHz in order to obtain high energy pulse and avoid the nonlinear phase noise in the amplification, then filtered to narrowband pulses with 106 ps duration, eventually the SC Stokes pulses were generated by degenerate FWM in a photonic crystal fiber (PCF) pumped by the narrowband pulses. Another scheme of ultrafast-pulse laser, dissipative soliton fiber laser (or ANDi fiber laser) [14] , [26] , [27] , has attracted lots of attentions recently. It has a simple structure without dispersion-compensation components inside the laser cavity, and gives a high output pulse-energy. As a seed of chirped pulse amplification, dissipative soliton fiber laser can be amplified by all-fiber structure without stretcher, and be compressed to femtosecond pulse, which is convenient for SC generation.
In this paper, we demonstrate a fiber laser source for BCARS microspectroscopy, based on a Yb-doped dissipative soliton fiber laser. The SC Stokes pulses are generated from the compact seed, and the corresponding pump pulses are obtained by a narrowband fiber Bragg grating (FBG). We achieve CARS signal with spectral range of 700−1900 cm −1 simultaneously, and demonstrate the capability of our fiber SC source for BCARS system in analyzing the mixture of polystyrene and retinoic acid, as an example. We also demonstrate the capability of our system in biochemical imaging, by obtaining three-dimensional CARS images (x-y-λ) of retinoic acid crystal.
Experimental Setup
The setup of fiber source for BCARS microspectroscopy is shown in Fig.1 . A Yb-doped dissipative soliton oscillator served as the seed laser ( Fig. 1(a) ), which is similar to our former report [28] . The seed was mode-locked by nonlinear polarization rotation (NPR), and a 30:70 fiber coupler was inserted after the free-space component. We chose the 30% output from the fiber coupler port as the seed, since we have found that the SC originated from the coupler port is broader than that from the NPR port [28] . The average output power, spectral bandwidth and center wavelength of the seed are 11.6 mW, 12 nm and 1036 nm ( Fig. 2(a) ), respectively. It delivered a 30 MHz, 5.2 ps (FWHM, Fig. 2(b) ) pulse train with a time-bandwidth product of 17.44.
The output pulses were split into two beams using a 50:50 fiber coupler. One beam was first amplified by a two-stage all-fiber Yb-doped fiber amplifier (YDFA) to 500 mW. No pre-chirp before amplification is necessarily due to the inherent advantage of dissipative soliton laser in highly chirped output. Then it was compressed by a pair of gratings, followed by being coupled into a highly nonlinear PCF for SC generation. A 0.6 m PCF with zero dispersion wavelength of 1035 nm was used for SC generation. After a 1050 nm long-pass filter, we achieved Stokes beam spanning from 1050 to 1312 nm at −20 dB bandwidth (black curve in Fig. 2(c) ).
The other beam was first filtered by a FBG, and then amplified with a three-stage all-fiber YDFA. The output pulses, with average power up to 500 mW, were used as the pump beam. In order to obtain a narrowband pump beam, two different FBGs were tried with bandwidths of 0.1 nm and 0.25 nm, centered at 1036.25 nm and 1036.14 nm, respectively. Both these two pump beams met the high resolution (<10 cm −1 ) feature for CARS process. Eventually the latter FBG (0.25 nm bandwidth) was adopted in our system to ensure higher peak power due to the shorter pulse duration. The bandwidth and pulse durations of the amplified pump pulses were 0.23 nm (red curve in Fig. 2(c) , measured with spectral resolution of 0.06 nm) and 11.9 ps (Fig. 2(d) ), respectively, which indicates that the pulses were slightly chirped with a time-bandwidth product of 0.765. A 1000 nm long-pass filter was placed in pump beam to reject the residual 976 nm pump. A tunable delay stage in the Stokes beam was used to adjust the temporal overlap of pump and Stokes beams. Quarter wave plates and half wave plates were used to adjust the polarization states of both beams. The overall pump power for the fiber source was about 6 W.
We then employed the proposed fiber SC source in BCARS microspectroscopy (Fig. 3) . The pump and Stokes beams were combined by a 1064 nm dichroic mirror. Two microscope objectives were used subsequently, to focus the excitation beams (numerical aperture 0.42) and to collect the forward CARS signal (numerical aperture 0.29), respectively. In order to further reject the residual 976 nm pump, a 980 nm notch filter was placed before the focusing objective. The CARS signal passed through a 1000 nm short-pass filter and was detected by a spectrograph (HORIBA IHR320) attached with a front-illuminated CCD (HORIBA Synapse 1024 × 256).
Results and Discussion
To demonstrate the performance of our source in BCARS microspectroscopy, we acquired the CARS spectra of polystyrene, retinoic acid (Sigma R2625) and the mixture of these two over the 700−1900 cm −1 spectral range (Fig. 4) . The samples were placed on a precision manual stage (x-y-z) with 0.5 μm accuracy. Pump and Stokes powers at the sample were 140 mW and 8.4 mW, respectively. A CARS signal at the Raman shifts (∼1002 cm Fig. 4(a) ) and the Raman shifts (∼1012 cm −1 , ∼1162 cm
and ∼1574 cm −1 ) of retinoic acid (black curve in Fig. 4(b) ) were observed within the fingerprint region. The corresponding Raman spectra (red curve in Fig. 4(a) and (b)) were measured with a home-made (spontaneous) Raman microspectroscopy system excited by a 785 nm laser (Thorlabs FPL785S-250). For the mixtures, the BCARS spectra of polystyrene and retinoic acid could be obtained simultaneously (Fig. 4(c) ), which suggested the capability of our system in distinguishing and quantifying chemical mixtures. There is an offset between the broadband CARS and Raman spectra due to the presence of non-resonance background in CARS, which making the raw CARS spectra shifted toward the lower frequencies with respect to the spontaneous Raman spectra. Numerical algorithms (e.g. Kramers-Kronig phase retrieval [18] ) could be employed to retrieve the true Raman spectrum.
The CARS images (x-y-λ) of an irregular retinoic acid crystal (inset of Fig. 5 ) were obtained by a preliminary imaging experiment with field of view 114 × 82 μm 2 (57 × 41 pixels). The imaging process was obtained by moving the sample stage in x-y plane every 2 μm, with the laser spot being focused on a z-plane of the sample. For imaging, two microscope objectives were replaced to focus the excitation beams (numerical aperture 0.75, Olympus XLPLN25XWMP2 used in the air) and to collect the forward CARS signal (numerical aperture 0.42), respectively. From Fig. 5 , the images at Raman shifts ∼1574 cm −1 (Fig. 5(a) ) and ∼1162 cm −1 (Fig. 5(b) ) were well-matched, which showed the capability of our system in chemical imaging.
In current experiment, a full BCARS spectrum at a single pixel could be obtained in tens of milliseconds scale, which was mainly limited by the low efficiency of Stokes focusing (28%) and CARS signal collection (36%). For the future work, the speed could be enhanced by optimizing the microscopy, i.e. the optical components after the beams combining. Besides, to further improve the capabilities of the BCARS-source in bioimaging, frequency conversion can be used to convert the 1036 nm pump pulses to around 800 nm, which could increase the spectral bandwidth of the CARS spectrum to access lipid region.
Conclusion
We demonstrated a BCARS microspectroscopy based on a SC fiber source, seeded by a dissipative soliton fiber laser. The Yb-doped mode-locked oscillator delivered a 30 MHz, 5.2 ps (FWHM) pulse train with large chirp. The narrowband pump pulses (0.23 nm centered at 1036.14 nm) and smooth SC Stokes pulses ranging from 1050 to 1312 nm at −20 dB bandwidth were generated from the compact fiber laser. To demonstrate the performance of our source in BCARS microspectroscopy, we obtained the CARS spectra of polystyrene, retinoic acid and the mixture of these two over the 700−1900 cm −1 spectral range simultaneously with high resolution (< 10 cm −1 ). We also demonstrated the CARS image (x-y-λ) of retinoic acid at Raman shifts of ∼1574 cm −1 and ∼1162 cm −1
simultaneously. The results suggest the capability of our system in distinguishing and quantifying chemical mixtures, promising in biochemical imaging.
